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ABSTRACT 

S t r a i n  Rate S e n s i t i v i t y  o f  Certain Biological  Materials 

I The object  of th i s  research was t o  provide bas i c  information con- 
I 
I cerning the mechanical response of bone and muscle t i s sue  t o  impacts 

of varying ve loc i ty  and t o  develop s u i t a b l e  instrumentation and experi- 

mental techniques t h a t  would allow a continuing i n v e s t i g a t i o n  of s t r a i n  

rate s e n s i t i v i t y  i n  general .  
I 

A high ve loc i ty  air gun type t e s t i n g  machine was developed capable 

of performing constant ve loc i ty  t e s t s  t o  s t r a i n  rates of 4,00O/sec. 

Adjustable s t o p s  a r e  provided t h a t  a l low predetermined s t r a i n s  t o  be 

app l i ed  t o  miniature specimens. High frequency response instrumenta- 

t i o n  u t i l i z i n g  a p i e z o e l e c t r i c  load c e l l  and capacitance displacement 

transducer was used. Load and displacement h i s t o r i e s  of f r e s h  bovine 

femur boneg embalmed human femur bone, bovine t i s s u e ,  nylon and alu-  

minum were measured over a wide range of s t r a i n  rates. 

Resu l t s  are  presented i n  the  form of s t r e s s - s t r a i n  diagrams a t  

s e l e c t e d  s t r a i n  r a t e s .  Curves of various p rope r t i e s ,  as a f f ec t ed  by 

rate of loading, a r e  a l s o  provided. A c r i t i c a l  ve loc i ty  was noted 

f o r  both types of bone i n  the  neighborhood corresponding t o  a s t r a i n  

rate of l/sec. A stress, s t r a i n ,  s t r a i n  ra te  su r face  r ep resen ta t ion  

of t h e  d a t a  is suggested and s imi la r i t i es  between t h e  dynamic response 

of  bone, nylon and aluminum noted. The i n t e r s e c t i o n  of  th i s  su r face  

with planes p a r a l l e l  t o  the s t r e s s - s t r a i n  coordinate  plane were found 

t o  be exponentials,  
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I. PURPOSE 

The purpose of t h i s  research is t o  provide bas ic  information 

h i t h e r t o  unavialable concerning t h e  mechanical response of bone and 

muscle tissue t o  impacts of  varying ve loc i ty  and t o  develop s u i t a b l e  

instrumentat ion and experimental techniques tha t  will allow a con- 

t inu ing  study of  the  s t r a i n  rate s e n s i t i v i t y  of materials i n  general. 

The long range goa l  of such a program is the  c l a s s i f i c a t i o n  of material8 

according t o  the  rheologica l  models which charac te r ize  t h e i r  response 

t o  a broad spectrum of s t r a i n  ra tes .  

all be of value t o  designers of e jec t ion  seats, acce lera t ion  couches, 

and o ther  equipment whose purpose i s  t o  p r o t e c t  the  human body from 

shocK and impact. 

It  is hoped t h a t  t h i s  information 

While the re  is l i t t l e  Known about the  dynamic behavior of the  

mechanical subcomponents of the human system, a number of i n v e s t i g a t i o n s  

have been made i n t o  the ove ra l l  behavior of l i v e  s u b j e c t s  exposed t o  

shocK and vibrat ion.  A combination of the  r e su l t s  of these  t e s t s  with 

information as t o  the  dynamic behavior of t he  ind iv idua l  materials 

involved may l e a d  t o  a worKable mathematical model from which predic- 

t i o n s  of the bounds of safe load-time appl ica t ions  may be made. 



11. INTRODUCTION AND SCOPE 

With the  advent of high speed a i r c r a f t ,  rocKets, and space vehicles ,  

designers have become increasingly aware of t he  f r a i l t y  of t h e  human 

elements of the system. 

ponent leads t o  des t ruc t ion  of the whole system, o r  vice-versa, i t  is 

important t o  provide pro tec t ion  for t h i s  v i t a l  par t .  Thus, we have seen 

the  evolution of various i s o l a t i n g  and load  d i s t r i b u t i n g  devices ranging 

from seat b e l t s  and padded sunvisors t o  e j e c t i o n  seats, crash helmets, 

and acce lera t ion  couches. While there  i s  a l a r g e  amount of information 

a v a i l a b l e  regarding the  response of inanimate mater ia l  t o  v i b r a t i o n  and 

impact, t he re  is an equal dear th  of Knowledge per ta in ing  to the  mechan- 

i c a l  p roper t ies  of b io logica l  materials.  Therefore, the design of such 

support  equipment is often based on i n t u i t i o n  because of the 1acK of 

information about the mechanical response of the  human body. 

Since i n  most cases f a i l u r e  of the  human com- 

It has  long been mown t h a t  the vas t  major i ty  of s o l i d  materials 

possess mechanical p r o p e r t i e s  t ha t  a r e  funct ions of the s t r a i n  r a t e .  

However, i t  is  only recent ly  that instrumentat ion and experimental 

equipment have been developed t h a t  enable accurate  measurement of this 

phenomena a t  high r a t e s .  I n  this connection, rate s e n s i t i v i t y  is 

defined as the degree t o  which mechanical proper t ies  are af fec ted  by 

the  s t r a i n  r a t e  a t  which they a r e  measured. 

mains t o  be done before groups of mater ia l s  may be c l a s s i f i e d  and t h i s  

A g r e a t  deal of W O r K  re- 
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behavior character ized at spec i f i c  rates of loading over a broad t i m e  

sca le .  

There e x i s t s  a l a r g e  body of l i t e r a t u r e  descr ibing worK aimed a t  

I devis ing experimental techniques t o  provide da ta  on the  mechanical 

proper t ies  of metals under r a p i d  loading. 

have not  provided information of a s u f f i c i e n t l y  fundamental nature  t o  

give an understanding of bas ic  concepts concerning the behavior of  

mater ia l s  under dynamic conditions. Furthermore, a t  the  higher r a t e s  

of loading, i t  becomes increasingly d i f f i c u l t  t o  i s o l a t e  the  mechanical 

proper t ies  of i n t e r e s t  and the  cross s e n s i t i v i t y  and frequency response 

of the  measuring transducers becomes of paramount importance. 

the  simultaneous recording of the t r a n s i e n t  s t r e s s  and s t r a i n  a t  a 

given point  of the specimen has  not ye t  been s a t i s f a c t o r i l y  accom- 

p l i shed ,  information concerning the mater ia l  behavior must be deduced 

from a u l d l l i a r y  measurements which a t  b e s t  provide only average values 

of the  stress and s t r a i n .  

However, most i n v e s t i g a t o r s  

Since 

S t i l l ,  information of t h i s  Kind i s  important;  f o r ,  although primi- 

t i v e  i n  or ig in ,  i t  serves  t o  explain gross  p r o p e r t i e s  and poin ts  t he  

way fo r  fu r the r  s tud ie s  of a more fundamental nature .  

be r e c a l l e d  t h a t  s t r u c t u r a l  f a i l u r e s  of the  human system ( i n  f a c t ,  

most mechanical systems) a r e  seldom s t a t i c  i n  na ture ,  but  r a t h e r  they 

occur rap i ldy  and a r e  f requent ly  due t o  impacts of varying veloci ty .  

Analysis of these f a i l u r e s  and t h e i r  prevention must be b u i l t  on a 

Knowledge of the dynamic proper t ies  of t he  mater ia l s  involved. 

Also, i t  should 
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It should be emphasized t h a t  a f i v e  foo t  drop r e s u l t s  i n  an 

impact ve loc i ty  of more than 200 in/sec. 

v i ce  condi t ions,  t h e  r a t e  a t  which materials are s t r a i n e d  5s q u i t e  

high. 

Thus, under even mild ser -  

Engineering app l i ca t ions  of information regarding such material 

behavior a r e  numerous. As an example, consider t he  growing i n t e r e s t  

i n  t he  s t r a i n - r a t e  e f f e c t s  i n  metals as an a i d  t o  r a t i o n a l  design of 

a i r c r a f t  and rocKet air-frames aga ins t  impacts imposed by blarats and 

gus t  loads ,  which produce high s t r e s s e s  f o r  s h o r t  i n t e rva l s .  I n  

high-speed a i r c r a f t ,  gus t  loads  with dura t ion  as l i t t l e  as 0.01 seconds 

have been reported.  56* It a l s o  appears poss ib le  t h a t  t he  phenomenon 

of f a t igue  i n  metals may be r e l a t e d  t o  s t r a i n - r a t e  e f f e c t s .  The impli-  

ca t ions  of t h i s  theory pose some i n t e r e s t i n g  experimental design 

complications. 56 

Another engineering appl ica t ion  of t he  Knowledge of the e f f e c t  

of s t r a i n  rate on the proper t ies  of ma te r i a l s  has  been the  s e l e c t i o n ,  

through dynamic tes t  methods, of ma te r i a l s  f o r  shocK-cushioning, iso- 

l a t i o n  and energy adsorbtion. 

dynamic s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  have been demonstrated f o r  many 

of these  mater ia l s .  

Large d i f fe rences  i n  the  s t a t i c  and 

51 9 52 

*Refers t o  items i n  the  Bibliography 'at t h e  end of t h i s  paper. 
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S t r a i n  r a t e  l /sec.  

Fig. 1. Energy t o  rupture  vs. s t r a i n  r a t e  f o r  high impact 

polystyrene shee t  materials used as l i n e r s  f o r  r e f r i g e r a t o r  doors. 

(FYom Reference 51) 

Figure 1 shows d a t a  f o r  two p l a s t i c  sheet ing materials used i n  

r e f r i g e r a t o r  door i n n e r  l i n e r s  which were found t o  perform d i f f e r e n t l y  

i n  serv ice  (S t r a in  rates of  about 10 - 100/sec.). No d i f fe rences  

between mater ia l s  could be detected by s t a t i c  tension t e s t s  or by 

t e n s i l e  impact and Izod impact t e s t s .  However, energy t o  rupture  

tests a t  intermediate  s t r a i n  r a t e s  ( the  a c t u a l  s e r v i c e  conditions) 

were s i g n i f i c a n t l y  higher f o r  the shee t  mown t o  be super ior  than for  

t he  shee t  Known t o  be i n f e r i o r  in service.  

I n  the  following pages, a s e r i e s  of experiments w i l l  be described 

whose a i m  was t o  i n v e s t i g a t e  the  e f f e c t  of varying s t r a i n  rates on the 

g r o s s  physical  p roper t ies  of bone and muscle t i s sue .  The s t r a i n  r a t e s  
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considered will include the  range from 0.001/sec. ( t h e  region of so- 

c a l l e d  s t a t i c  t e s t s )  t o  1,500/sec. 

while higher rates may be obtained with the  "air gun!, loading system 

used i n  the  experiments, i t  is f e l t  t h a t  t h i s  represents  an upper l i m i t  

f o r  the  instrumentation. 

with ove ra l l  r i s e  times of sec. or  less and the  c a p a b i l i t y  of 

t rue  f i d e l i t y  a t  frequencies i n  excess of 40,000 cycles  per  second. 

There is some question whether the fastest transducer systems ava i l -  

ab l e  s a t i s f y  these requirements. Thus, while some experimentors 

supply da ta  on material propert ies  measured above t h i s  rate, such 

information must be used judiciously with due regard f o r  the  limita- 

t i o n s  of e x i s t i n g  measuring systems. 

This l as t  value w a s  chosen because, 

A test a t  this r a t e  r e q u i r e s  instrumentat ion 

With these  considerat ions i n  mind, equipment was designed t o  

apply compressive loads on small samples a t  varying r a t e s  and i n s t r u -  

mentation developed t o  measure the load-time n i s t o r y  and the  displace- 

ment-time h i s t o r y  of t he  specimens during t h e  t e s t .  

Experiments were performed on samples of bovine femur, embalmed 

human femur, f resh  bovine muscle t i s s u e ,  nylon and aluminum. The d a t a  

from these tests is  presented as s t r e s s - s t r a i n  curves a t  var ious s t r a i n  

r a t e s  and p l o t s  of various propert ies  versus the s t r a i n  r a t e  a t  which 

they were measured. 

by the  construct ion of  summary equations and a sur face  representa t ion  

of t h e  stress, s t r a i n ,  s t r a i n r a t e  re la t ionships .  

Further condensation of t he  r e s u l t s  i s  accomplished 

It should be emphasized tha t  t h i s  e f f o r t  represents  only a small 

beginning i n  the study of s t r a i n  rate phenomena. Plans have already 
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been made f o r  a cont inuat ion and expansion of t h i s  worK with s p e c i a l  

emphasis on the design and ca l ibra t ion  of high frequency response 

instrumentation and the development of a theory t h a t  will p r e d i c t  

the  response of mater ia l s  based on a now non-existent c l a s s i f i ca t ion .  

mat i s  required is a bas ic  theo re t i ca l  approach t o  the problem. Then 

very few experiments w i l l  serve t o  v e r i f y  the theory. M a l ~ e r n ~ ~  pre- 

s e n t s  a remarKably successful  attempt of t h i s  type for a mater ia l  with 

a p a r t i c u l a r  c o n s t i t u t i v e  equation containing the  s t r a i n  rate expl ic-  

i t l y .  Careful preparat ion of  such a t e s t  program should r e s u l t  i n  a 

minimum of a c t u a l  t e s t s  with a m a x i m u m  of c o r r e c t  i n t e rp re t a t ion .  The 

great danger of a program of t h i s  s o r t  i s  t o  become absorbed with the  

da ta  c o l l e c t i o n  p o s s i b i l i t i e s  without planning t o  m a K e  the  d a t a  succep- 

t i b l e  t o  i n t e l l i g e n t  i n t e rp re t a t ion .  



111. PREVIOUS EXPERIMENTAL STUDIES 

A& Introduct ion 

The study of s t r e s s  r a t e  phenomena has  long been o f  i n t e r e s t  

26 t o  t he  s c i e n t i f i c  community. 

f i r s t  described his impact experiments on i r o n  wires,  the engineer and 

meta l lurg is t  have attempted t o  explore and explain such ef fec ts .  

e f f o r t s  have l a r g e l y  centered on the e f f e c t  of the  r a t e  of s t r a i n i n g  

on the  proper t ies  of materials as defined by the  stress s t r a i n  diagram. 

While many i n v e s t i g a t i o n s  have been concerned with one or  two proper- 

t i e s ,  it would seem t h a t  t h i s  was due t o  expediency r a t h e r  than choice 

and the ul t imate  evolving goal of such s tud ie s  i s  the  production of 

s t r e s s - s t r a i n  curves under a wide v a r i e t y  of dynamic conditions.  It 

is t a c i t l y  assumed that, concurrent with the  development of experiments 

providing such data ,  there  w i l l  occur the required theory t o  genera l ize  

s u f f i c i e n t l y  s o  t h a t  t h i s  information i s  of use t o  engineers confronted 

with impact problems . 

Ever s ince  1872, when J. HopKinson 

Their 

I n  the study of the dynamic proper t ies  of mater ia l s ,  both the  

loading of the  specimens and the measurement and recording of loads 

and deformations have presented var ious d i f f i c u l t i e s .  

these has  been the  g rea t  var ie ty  of behavior t h a t  mater ia l s  exhibi t .  

This  i n  many cases  r e q u i r e s  d i f f e ren t  t e s t s  and measuring techniques 

fo r  d i f f e r e n t  mater ia l s  and often for  d i f f e r e n t  regimes of loading. 

Chief among 
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This considerably 

responses. 

I I n  the past, 

complicates the  t a m  of cataloging 

the study of s t r a i n  r a t e  phenomena 

and 

has 

comparing such 

encompassed 

I wide ranges i n  specimen shapes from the  30 f t .  long wires t h a t  were 

t e s t e d  by HopKi.nson26 t o  the  0.05 inch thiclr d i sc s  inves t iga ted  by 

K O ~ S K Y  31932. Ranges of s t r a i n  r a t e s  considered (creep s t u d i e s  not  

included) extend from the  0.001 in/in/sec. f o r  tes ts  conducted on 

standard screw machines t o  17,000 in/in/sec. fo r  the  explosive impact 

t e s t e r  used by Austin and Ste ide l .  2 

Although i t  i s  of h i s t o r i c a l  i n t e r e s t  t o  mow the  o r ig ins  of worK 

and the  o r ig ina l  thinKing i n  a subject ,  i t  i s  important t o  observe t h a t  

by f a r  the major p a r t  of the research i n  dynamic proper t ies  of materials 

has  occurred i n  the las t  two decades. Thus, for example, while Gold- 

smith2' lists 442 papers i n  h i s  bibliography, many of these describe 

experiments t h a t  a r e  obsolete or i n  e r r o r  i n  the  l i g h t  of modern measure- 

ment techniques. The purpose of t h i s  survey will, therefore ,  be the  

descr ip t ion  of the experimental methods t h a t  t y p i f y  the " s t a t e  of t h e  

a r t , "  used i n  the  study of the  dynamic proper t ies  of mater ia ls .  F'urther- 

more, the  discussion w i l l  be l imited t o  those methods capable of W.gh" 

s t r a i n  r a t e s  s ince  the methods f o r  maKing slower t e s t s  a r e  w e l l  mown. 

There have been e s s e n t i a l l y  seven d i f f e r e n t  approaches through 

which experimentors have attacKed the  design of t e s t i n g  machines capable 

of generating high s t r a i n  rates. 

1) Hydraulic driven rams 
(usefu l  i n  the range 0.001 - 10 in/sec.)  
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Gas driven rams 
(usefu l  i n  the  range 0,001 - 100 in/sec.) 

Flywheel devices 
(usefu l  i n  the  range 10 - 1,000 in/sec.) 

Dropped or  gas driven weights 
(usefu l  i n  the range 50 - 5,000 i d s e c . )  

Explosive operated devices 
(use fu l  i n  the  region 1,000 - 15,000 in/sec.) 

S t r a i n  energy devices 
(usefu l  i n  the range 100 - 1,000 in/sec.) 

HopKinson pressure bar devices 
(usefu l  i n  the range 1,000 - 10,000 in/sec.) 

Note t h a t  pendulum impact t e s t i n g  machines such as the  Ieod and 

Charpy a r e  usefu l  i n  the l imi ted  range 100 - 150 in/sec. and general ly  

i n d i c a t e  only the t o t a l  energy during the t e s t .  

Of these,  the  f i r s t  two are inherent ly  incapable of a t t a i n i n g  high 

v e l o c i t i e s  and w i l l  not be discussed fu r the r  except t o  point  out t h a t  

the new designs incorporat ing a double-acting p i s t o n  with feedbacK 

o f f e r  the opportunity t o  maKe some very f i n e l y  cont ro l led  s tud ie s  o f ,  

mater ia l  behavior i n  the lower s t r a i n  r a t e  ranges. 

B) Flywheel Devices 

A t y p i c a l  example of the use of r o t a t i n g  or  flywheel devices 

is t h a t  used by Manjoine and Nadai. 38939 "hey were among the f i r s t  t o  

attempt the  determination of the  e f f e c t s  of s t r a i n  r a t e  on the  proper- 

t i e s  of metals a t  e levated temperatures. 

among the  f i r s t  t o  measure d i r e c t l y  and record simultaneously both load  

and deformation. 

I n  addi t ion ,  they were a l s o  
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The apparatus which they used i s  shown schematically i n  Figure 9. 

The loading device i s  similar t o  the high-velocity tension impact 

machine developed by M a n n  Duwez, Wood, and a l s o  used this 

type of loading machine. It cons is t s  e s s e n t i a l l y  of a heavy flywheel 

which i s  driven by a DC motor with two hammers at tached t o  the f ly-  

wheel. 

noid a c t i v a t e s  the  hammers t o  engage the  lower end of t he  specimen. 

S t r a i n  r a t e s  up t o  1,000 in/in/sec. were obtained. 

c a t e  t h a t  above t h i s  r a t e  severe osc i l l a t ions  occurred and the  da ta  

w a s  not  r e l i a b l e .  

40 

When the flywheel i s  ro t a t ing  a t  the  desired ve loc i ty ,  a so le-  

The authors  i n d i -  

There a r e  two basic  d i f f i c u l t i e s  with t h i s  method. First, as the 

authors  point  out,  i t  i s  very d i f f i c u l t  t o  design movable hammers and 

supports  r i g i d  enough t o  provide the high n a t u r a l  frequency required t o  

prevent o sc i l l a t ions .  

ment of the hammers and the  t e s t  specimen. 

t o  whether o r  not  plane impact i s  a t ta ined .  

Second, i t  is d i f f i c u l t  t o  insure  a proper a l ign-  

Thus, t he re  a r e  doubts as 

C) Explosive Devices 

Shepler" at  Massachusetts I n s t i t u t e  of Technology has given 

an extensive account of worK done on an explosive impact t e s t e r  developed 

by DeForest and h i s  associates .  

s t r a i n  r a t e s  claimed t o  be a6 high as 25,00O/sec. fo r  s t e e l ,  aluminum 

and copper. Calculat ions of s t r a i n  r a t e  were based on the  assumption 

t h a t  t he  elongation followed the same t rend i n  time as the  diameter of 

t h e  specimen. Spec i f i ca l ly ,  the  s t r a i n  r a t e  was calculated by dividing 

Shepler used t h i s  t e s t e r  t o  obtain 
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t h e  logarithmic s t r a i n  from y i e l d  t o  f r a c t u r e  by the  time from y i e l d  

t o  f r a c t u r e  and multiplying by the r a t i o  of f r a c t u r e  ve loc i ty  t o  t he  

average v e l o c i t y  from y i e l d  t o  f rac ture .  

The impact tes ter  c o n s i s t s  of four  main pa r t s :  a f ixed  frame o r  

base, a s t e e l  weighbar mounting f o r  s t r a i n  gages (o r  s i m i l a r  l oad  . 

c e l l )  t o  provide load  measurement, a cy l inde r  blocK and a piston. The 

specimen i s  a t t ached  t o  t h e  base through the  load c e l l  a t  one end and 

the  p i s t o n  a t  the o the ro  

load the  specimen. 

The explosive then act ivates  the  p i s ton  t o  
2 A s i m i l a r  device was used by Austin and S t e i d e l  

i n  1959 with considerable improvements i n  instrumentation techniques. 

While t h i s  t e s t i n g  machine appl ies  t he  load slowly with an 

inc reas ing  rate, i t  is  not  capable of a t t a i n i n g  constant ra te  tes ts .  

Thus, the load  and s t r a i n  r a t e s  a re  funct ions of t h e  specimen material 

p r o p e r t i e s  and the  explosive pressure r i s e  c h a r a c t e r i s t i c s .  This maKes 

a c o r r e l a t i o n  of t he  da t a  obtained from this tester,  with such d e s i r -  

a b l e  parameters as t h e  s t r a i n  r a t e  or  l oad  r a t e ,  r a t h e r  d i f f i c u l t .  

D) HopKinson Pressure B a r  

!be HopKinson Pressure B a r ,  developed by RopKinsonf6 has  

10 been used by a number of i nves t iga to r s .  KolsKy”, Davies , and 

Malvern 36937 have used t h i s  device with some success. K O ~ S K Y  was 

a b l e  t o  deduce s t r e s s - s t r a i n  curves f o r  copper, l ead ,  rubber,  and 

Perspex (polymethyl-methacrylate) wnen s t r e s s e s  were appl ied f o r  

times of t he  order of 20 microseconds. 

HopKinson’s apparatus was o r i g i n a l l y  devised as a means of study- 

i n g  the pu l ses  generated by impact. It c o n s i s t s  of a c y l i n d r i c a l  s t e e l  
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rod suspended as a b a l l i s t i c  pendulum. 

appl ied t o  one end of the b a r .  

piece" i n  the  form of a r e l a t i v e l y  sho r t  cy l inder  of the  same diameter 

and mater ia l .  

me impulse t o  be measured w a s  

To the  o ther  end was at tached a "time 

The end surfaces  of t he  bar and time piece were ground 

f i a t  t o  provide a c lose  f i t .  

ground sur faces ,  the time piece could be tlwrungll t o  the bar. 

compression wave t rave led  down the ba r ,  i t  was r e f l e c t e d  as a tension 

wave a t  the f r e e  end of the time piece. 

produced tension a t  the in t e r f ace ,  t he  time piece flew off.  Since the 

momentum trapped i n  the time piece w a s  equal t o  a sec t ion  of the pulse 

of twice the length of the piece,  successive experiments with pieces  

of h f f e r e n t  lengths  gave the nature of the pulse.  

When a l i t t l e  grease was appl ied t o  the 

As a 

When t h i s  r e f l e c t e d  wave 

Malvern, Davies, K O ~ S K Y ,  and  o thers  have modified t h i s  apparatus 

t o  measure the  dynamic proper t ies  o f  mater ia l s  other than wave phenom- 

ena. 

s t r e s s  pulse  loads the specimen. 

pulse  i s  qu i t e  s teep ,  high r a t e s  of loading a r e  a t ta ined .  

A t h i n  specimen i s  sandwiched between pressure bars and the  

Since the  wave f ron t  of the Etres6 

While t h i s  method o f fe r s  a simple way of obtaining very high load  

r a t e s ,  there  a r e  severa l  dlsadvantages. The s t r e s s - s t r a i n  h i s t o r y  of 

the  specimen can only be obtained using i n d i r e c t  methods which involve 

assumptions as t o  the  dynamic values of t he  modulus of e l a s t i c i t y  and 

Poisson 's  r a t i o .  

s t r a i n  r a t e ,  although t h i s  may be var ied within narrow l i m i t s  by vary- 

ing t he  specimen s i z e .  

specimen maKes accurate  determinations of the s t r a i n s  d i f f i c u l t  and 

Also, there  i s  no d i r e c t  cont ro l  of the load or  

However, as K O ~ S K Y  pointed out ,  too  t h i n  a 
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specimens t h a t  a r e  too  thicK disallow t h e  assumption t h a t  t h e  stresses 

on t h e  two f a c e s  are equal. 

E) Dropped and G a s  Driven Weights 

Dropped o r  gas  dr ived weights have been used by several  

i n v e s t i g a t o r s  i n  dynamic property s tud ie s .  

T u r b o d  and Habib22. Habib u s e d  an energy method f o r  i n d i r e c t  

measurements of t he  s t r e s s - s t r a i n  p rope r t i e s .  

t o  produce a given p l a s t i c  deformation was determined by assuming i t  

equal t o  the  change i n  Kinetic energy of  the  p i s t o n  d i r e c t l y  before  

and af ter  impact. 

measured and, together  mth the energy measurement, gave a po in t  on 

an energy-displacement curve. Despite t he  obvious disadvantages of 

t h i s  method, Habib's worK i s  qu i t e  rernarKable f o r  t he  consistency o f  

the experimental r e s u l t s .  I n  both Habib's and Turbow's t e s t s ,  t h e  

p i s ton  was caused t o  come t o  rest  by the  specimen I tself .  

v e l o c i t y  var ied considerably and  could only be assumed constant  i n  t h e  

Notable among these are 

6 

The energy required 

The p l a s t i c  deformation of t h e  specimen was 

Thus, t h e  

e a r l y  stages of impact. 

The gas dr iven weight o r  air gun o f f e r s  an  advantage over t h e  

dropped weight i n  both t h e  veloci ty  range and t h e  guidance system. 

I t  is  general ly  q u i t e  d i f f i c u l t  t o  provide f o r  plane impact with t h e  

dropped weight machine and f o r  very high ve loc i ty  tes ts ,  t he  dropping 

h e i g h t s  become excessive. 



F) S t r a i n  Energy Devices 

Recently a device u t i l i z i n g  t h e  s t r a i n  energy of two beams 

has  been marKeted by Optron, I n c o p  of Santa Barbara, Cal i fornia .  This 

machine is promising i n  t h a t  t he  loads can be appl ied gradually,  

avoiding, t o  a c e r t a i n  ex ten t ,  the impact problems o f  some of t h e  

other  previously mentioned apparatus. However, t h e  specimen s i z e  and 

p rope r t i e s  i n f luence ,  t o  some exten t ,  t h e  s t r a i n  rate. Also, the  

ve loc i ty  i s  n e i t h e r  constant  nor  uniaxial. 

i n  both c o r r e l a t i o n  and g r i p  design. 

This  o f f e r s  complications 

G) Load Ind ica t ing  Transducer6 

Very few fo rce  measuring systems o f f e r  the  frequency response 

required i n  t h e s e  experiments. 

i n g  degrees of success. 

Three types have been used with vary- 

a) Pho toe lec t r i c  Indicators  

b) S t r a i n  Gage Load Cells 

c )  P i e z o e l e c t r i c  Load Cells 

O f  these ,  t he  pho toe lec t r i c  types are l i m i t e d  by t h e  response 

c h a r a c t e r i s t i c s  of t he  c e l l  mater ia l  and by the  i n e r t i a  of t h e  movable 

member, (Figure 3)  Most inves t iga t ions  6,7,16,28,35,56 have used 

s t r a i n  gage load c e l l s .  There are, of course, numerous problems 

a s soc ia t ed  with such load  c e l l s  operating a t  nigh frequency. We- 

quency response i s  gained at t h e  expense of s e n s i t i v i t y  and s i g n a l  

noise c h a r a c t e r i s t i c s  become important. Also, t h e  frequency response 

c h a r a c t e r i s t i c s  of t h e  s t r a i n  gage elements is v i r t u a l l y  uncharted 

43 t e r r i t o r y  . 



20 

Also, these c e l l s  general ly  a r e  undamped and thus  problems of 

overshoot and l a r g e  spurious o s c i l l a t i o n s  are o f t e n  encountered. Con- 

s i d e r ,  f o r  example, t h e  n a t u r a l  frequency of a one-inch cube of s t ee l ;  

i t  is approximately 100,000 c a p o s o  

damping present ,  a load  c e l l ,  i f  constructed from t h i s  blocK, would 

be usable  t o  about 30,000 c o p e s .  Transient i n p u t s  would have t o  be 

l i m i t e d  t o  harmonic components of less than t h i s  f i g u r e  f o r  good 

f i d e l i t y .  

and the r e so lu t ion ,  l i m i t e d  by the noise l e v e l ,  would be poor. 

Since t h e r e  i s  e s s e n t i a l l y  no 

O f  course,  such a load c e l l  would be very i n s e n s i t i v e ;  

It i s  t h e  a u t h o r P s  opinion t h a t  load c e l l  design and c a l i b r a t i o n  

i s  the most important s i n g l e  aspect  of f u r t h e r  progress i n  t h e  s tudy 

of dynamic material propert ies .  

P i e z o e l e c t r i c  l oad  c e l l s  with e l e c t r o n i c  devices that permit 

They have s t a t i c  c a l i b r a t i o n  o f f e r  much promise i n  this respect .  

very good r e so lu t ion ,  high s e n s i t i v i t y ,  and can be constructed with 

very high n a t u r a l  frequencies,  Their i n t e r n a l  damping i s  a l s o  much 

h igher  than m e t a l l i c  l oad  cel ls .  Unfortunately, few investigat5.ons 

have used them. However, i t  i s  expected t h a t  t he  f u t u r e  w i l l  see 

29 

b r  oader a p p l i  c a ti on 

H) S t r a i n  o r  Displacement Ind ica t ing  Transducer 

A l a r g e  number of schemes have been described i n  t h e  l i tera- 

t u r e  t o  provide d i r e c t  o r  i n d i r e c t  measurements of s t r a i n .  Generally, 

i t  can be s a i d  t h a t  the i n d i r e c t  methods involve assumptions about t h e  

very p rope r t i e s  of materials t h a t  a r e  being measured. Thus, without 

adequate dynamic c a l i b r a t i o n ,  these methods are suspect.  
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O f  t he  d i r e c t  methods, high speed photography of g r i d s  o r  d i f -  

f r a c t i o n  p a t t e r n s  appears t o  be the only way a t  present  of measuring 

s t r a i n  f i e l d s .  

by a number of i n v e s t i g a t o r s  t o  measure t h e  average s t r a i n s  over the  

area of t h e  gageo Disadvantages a re  %he nigh c o s t  and t h e  i n a b i l i t y  

t o  measure s t r a i n s  l a r g e r  than about 15 percent.  

6,7 ,16,28 35 9 56 S t r a i n  gages have been used success fu l ly  

Note t h a t  t he  s t r a i n  

measuring problem does no t  r equ i r e  as high a frequency response solu- 

t i o n  as  t h e  load  measuring one i n  the constant  s t r a i n  ra te  tes t .  

A capacitance device w a s  used by K O ~ S K Y  and Davies i n  HopKinson 

Bar s t u d i e s  t o  provide an i n d i r e c t  measurement of s t r a i n  (Figure 4). 

However, a co r rec t ion  f o r  radial Kinetic energy w a s  required.  There 

are no Known references using capacitance f o r  direct  measurements of 

average s t r a i n .  

Pho toe lec t r i c  instruments s i m i l a r  t o  t h a t  used by Manjoine and 

Nadai have a l s o  been used, (Figure 3 ) .  

r e s o l u t i o n  and frequency response and r equ i r e  l a r g e  massive bases t o  

reduce o s c i l l a t i o n s  and extraneous motions 

These general ly  have lower 



I V o  DESIGN OF THE EXPERIMENT 

A )  General Considerations 

The e s s e n t i a l  requirements of t he  equipment necessary t o  

perform the  experiment as previously described are :  

1) A means of applying deformations t o  the specimen at  

varying ve loc i t i e s .  

constant ,  and the  d i rec t ion  of t h e  v e l o c i t y  must be 

properly or iented,  

A means of accurately measuring the  load  as the speci-  

men is deformedo 

A means of simultaneously measuring the  deformation on 

a time base s o  tha t  s t r a i n s  and s t r a i n  r a t e s  may be 

determined 

The rate must be Kept reasonably 

2) 

3) 

B) Specimen Size  

The specimen s i z e  and proper t ies ,  t o  a l a r g e  ex ten t ,  deter-  

mine the  t e s t i n g  machine and instrumentation parameters. Because of 

the  b r i t t l e n e s s  of bone and d i f f i c u l t y  of gripping muscle t i s s u e ,  i t  

was decided t o  t e s t  i n  the compressive mode. This i s  cons is ten t  with 

the usual  load d i r e c t i o n  when the human system i s  subjected t o  impact 

loading. Also,  fo r  t h i s  reason, the bone was loaded i n  the d i r e c t i o n  

of t he  f ibe r s .  Since i t  is  very d i f f i c u l t  t o  obtain bone specimens 

thicKer than 0.175 inches,  a specimen s i z e  0.175 x 0.175 x 0.250 inches 
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long w a s  chosen f o r  t he  bone specimenso 

num were m d e  i n  t h i s  s i z e  s o  as t o  allow comparison. Tne bovine 

t i s s u e  specimens were 0,850 inches d i a .  x 0,370 i nches  h igh ,  which 

permitted t e s t i n g  x i t h  e s s e n t i a l l y  the  same equipment and procedures 

as used w i a  t he  bone. 

Specimens of nylon and alumi- 

There a r e  two d i s t i n c t  advantages i n  using specimens with a small 

gage l eng tho  first, the s h o r t e r  the specimen, t h e  smaller t h e  t r a n s i t  

time f o r  s t r e s s  waveso This meal.., that more r e f l e c t i o n s  will occur 

and uniform s t r e s s  i s  then mcre closely r e a l i z e d o  Second, s i n c e  t h e  

s t r a i n  r a t e  i s  approximately tne velocity of the  p i s ton  divided by the  

length ,  s h o r t  specimens ecable h i p  s t r a i n  r a s e s  t o  be obtained with 

lower s t r iK ing  v e l c x i t i e s ,  

\=) Testing Machine 

An a i r  operated r e s t 5  ni., m7cl l i~e (&I g m ?  was constructed 

e s p e c i a l l y  f o r  this worn. Tie mach~ns cc,nslsts :f a r e s e r v o i r  t o  

s t o r e  the  air? a groiind and honed cy l inde r  wicn a c a r e f u l l y  f i t t e d  

p i s ton ,  a quicic-release fleckanism and 9 plaxform sugported on bu ty l  

rubber t c  hold the  Epecimen and ca9;ch the p i s ton .  

operated over a ve loc i ty  range cf 75 t 3  3,009 in/scc. with a s i x  pound 

pis ton.  14hile t w o r e t i c a l l y  tl:? ve loc i ty  o f  rhe p i s ton  cannot be 

constant  L K L t h G U t  wrne feedbasic system, it Lay be rnade very near ly  s o  

by providing that the s m a i n  energy adsorbed by The specimen i s  much 

l e s s  than the  t o t a l  Kinet ic  energy of t he  pis ton.  The design and 

specimen s i ze  a r e  Such that t h i s  r a t i o  is always more than t en  t o  one. 

The ma-chine may be 
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Thus, the  p is ton  ve loc i ty  changes by l e s s  than 3 percent during load- 

ing. These f igures  apply t o  the  lowest r a t e .  With a l l  other  r a t e s  

the  ve loc i ty  of the p is ton  during the  compression t e s t  becomes more 

and more constant u n t i l ,  a t  the highest  r a t e p  the  ve loc i ty  changes 

by l e s s  than 0.1 percent.  Such a small change i s  hardly de tec tab leo  

The amount of specimen compression is cont ro l led  by slhimming 

the  load dlatform; and f o r  the bone, nylon and aluminum was s e t  a t  

0.065 inchede 

incheso Aft& compressing the specimen the s e t  amount, the  p is ton  

s t r i K e s  d ' f i b k r g l a s  s top ;  and the e n t i r e  load platform is  moved down- 

ward, compressing the  b u t y l  rubber b l o c m  u n t i l  the  Kinetic energy is 

absorbed. Butyl rubber has  a very l a r g e  h y s t e r e s i s  l o s s  and provides 

s u f f i c i e n t  damping s o  that almost no bouncing occurs. This i s  impor- 

t a n t  because the  load and displacement transducers a r e  mounted on the  

load  platform and could be damaged by repeated shocKs, 

i n i t i a l  t e s t i n g  of the  "air gun", the r e s e r v o i r  was f i l l e d  with oil 

and with t h e  quicK re l ease  mechanism engaging the  p i s t o n  a pressure 

of 500 p s i  was appl ied ( ac tua l  max5mum operating pressure i s  300 p s i )  

f o r  a period of s i x  hours with no leartage. Only one d i f f i c u l t y  i n  

t h e  operation of t h i s  machine was encountered; t h a t  i s ,  a tendency 

f o r  the  p is ton  t o  st icic i n  the bottom pa r t  of t he  cyl inder  a f t e r  f i r -  

For the  t i s s u e  specimens, t h i s  was increased t o  0.110 

During the  

ing. 

a s p i r a t o r  can p u l l  i t  up t o  be engaged by the r e l e a s e  mechanism. 

d i f f i c u l t y  i s  a t t r i b u t e d  t o  the poor f i n i s h  on the  cyl inder  i n t e r i o r  

which w a s  n o t  manufactured t o  the s p e c i f i e d  tolerances.  

A l eve r  system 1-5 then required t o  f r e e  t h e  p i s t o n  before the  

This 



A Tinius-Olsen Electromatic Testing machine w a s  used f o r  the  

lower rates and the s t a t i c  t e s t s o  Although adver t i sed  as a constant 

r a t e  machine, a speed var ia t ion  of over 10 percent was noted i n  the  
I 

t e s t s  of nylon and aluminum. The s t r a i n  rate-t ime curve follows the  

load rate-t ime curve. This is due t o  the  torque c h a r a c t e r i s t i c s  of 

the device,  (Figure 21). The reported r a t e s  are, therefore ,  average 

values of those occurring during the  t e s t .  Since the  load  rate f o r  

bone is e s s e n t i a l l y  constant ,  the s t r a i n  ra te  was a l s o  e s s e n t i a l l y  

constant i n  these t e s t s .  

D) Load Measurement 

The load-time h i s t o r y  of the  specimen was obtained by 

mounting a p i e z o e l e c t r i c  quartz  load c e l l  d i r e c t l y  under the specimen 

as the  primary transducing element. 

by Kistler Instrument Corporation (Model 910). 

This load c e l l  w a s  manufactured 

The manufacturer's 

s p e c i f i c a t i o n s  were: 

M a x i m u m  Load- 

Resolution 

Charge S e n s i t i v i t y  

5,000 pounds 

0.01 pounds 

20 PC b/lb. 

L inear i ty  1 percent 

Deflection of Fu l l  Load l e s s  than 0.001 
inches 

N a t ur  a1 Frequency 100 KC 

Signal  Rise Time 1 microsecond 

Actual measurements ind ica ted  the n a t u r a l  frequency of the load 

measuring system including the  associated a m p l i f i e r s  t o  be approfirnately 
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83KC and the r i s e  time t o  be between 3 and 4 microseconds. 

these f igu res  depend on the  method of mounting. 

Natural ly ,  

The intermediate modifier t o  which the  transducer was coupled 

was a K i s t l e r  Charge Amplifier Model No. 466. 

state device allows s t a t i c  c a l i b r a t i o n  of p i e z o e l e c t r i c  transducer6 

and has  a f l a t  frequency response from Dc to 150,000 C.P.S. and a 

l i n e a r i t y  e r ro r  of l e s s  than 0.1 percent. 

This r a t h e r  new s o l i d  

Q1 

E) Displacement Measurement 

The displacement was measured with a s p e c i a l l y  designed 

capacitance transducer. This transducer consis ted of an aluminum 

r i n g  of 1.75 square inches area. The specimen w a s  mounted i n  the 

center  of t h i s  r i n g  and the change i n  capacitance between the  r i n g  

and t h e  pis ton bottom w a s  related t o  the displacement of t h e  piston. 

Th i s  capaci tor  w a s  connected t o  an inductor  t o  form a tuned r a d i o  

frequency c i r c u i t .  This c i r c u i t  was coupled by means of a low imped- 

ance cable t o  the  osc i l la tor -de tec tor  c i r c u i t  of a Dynagage Amplifier, 

Model DG 605, supplied by Photocon Research Corporation. The Dynagage 

c o n s i s t s  of a r a d i o  frequency o s c i l l a t o r  coupled t o  a diode de tec tor  

c i r c u i t .  

head produce r e l a t i v e l y  l a rge  changes i n  the diode de tec tor  impedance. 

Tne s m a l l  changes i n  capacity due t o  motion of the  p i s t o n  

Therefore, over a l i m i t e d  range, the output of t h e  de tec tor  is propor- 

t i o n a l  to the change i n  capacitance. The r e c t i f i e d  output of t h e  

de tec tor  i s  coupled through a . s i n g l e  s tage  cathode follower and t rans-  

s i s t o r  f i l t e r  networg t o  provide a carrier f r e e  low impedance output. 



The tuning range of t h i s  instrument i s  610 ~ c p s  t o  850 K C ~ S .  

frequency response curve as supplied by t h e  manufacturer was essen- 

t i a l l y  f l a t  t o  15,000 cps but  could be used with a corresponding loss 

The 

of f i d e l i t y  t o  30,000 cps. 

as l e s s  than 15 microseconds. 

"he square wave r i s e  time was s p e c i f i e d  

Electrode c a p a c i t i e s  between 2 and 3Oppf a r e  necessary f o r  tuning 

the  Dynagage. 

to the  threshold noise  l e v e l  o f  the equipment. 

l a r g e  extent  by the  i n i t i a l  air gap. 

change of air gap e x i s t s  f o r  approximately 20 percent of the  initial 

The m i n i m u m  movement t h a t  can be measured is l i m i t e d  

This is d i c t a t e d  t o  a 

Good l i n e a r i t y  of output VS. 

gap. 

inches.  

The r i n g  and air gap used here could e a s i l y  resolve 50 micro- 

F) L a t e r a l  S t r a i n  Measurement 

Lateral s t r a i n s  were measured by r e s i s t a n c e  f o i l  s t r a i n  

gages. High elongation gages, Type 1 x 1 M075, manufactured by 

Budd Instruments Company were used. 

cement, a high elongation h e a t  curing epoxy. Because of obvious dif- 

f i c u l t i e s  i n  i n s t a l l i n g  such gages on wet bone, t h i s  measurement w a s  

made on thoroughly d r i e d  bone, nylon, and aluminum. The g r i d  of the 

s t r a i n  gages covered approximately one four th  of the  l a t e r a l  sur face  

These were cemented with GA-5 

area. Two gages were used, on opposing s ides  of the specimen with 

t h i s  output connected i n  series. Thus, an e l e c t r i c a l  averaging occurred 

and f lexure s t r a i n s  due t o  non-uniform loading and response of the 

specimen tended t o  cancel. 



Two separa te  s igna l  modifying systems were used i n  these  measure- 

ments. 

wave amplif ier  was used. 

t h a t  i s  f l a t  t o  400 cps and, therefore ,  could n o t  be used a t  the  

higher rates. 

ampl i f ie r  w a s  used. 

and has  a r i se  time of 60 microseconds. 

For the low rates up t o  l/sec., a Datronic Model 800 c a r r i e r  

This instrument has a frequency response 

A t  the  higher r a t e ,  a Type Q TeKtronic c a r r i e r  wave 

This system is usable at frequencies up t o  6 KC 

G) Data Recording 

I n  the  i n i t i a l  phases of t h i s  worK, a TeKtronic No. 531 

osci l loscope with a Type M preamplifier was used fo r  da ta  display.  

The !Pype M preamplif ier  provides fo r  four s e p a r a t e  i n p u t  s i g n a l s  by 

means of an e l ec t ron ic  switching device t h a t  a l t e r n a t e l y  switches 

from i n p u t  t o  input  at a r a t e  of 100 KC divided by the  number of 

channels i n  use. 

quency proved inadequate and, as a TeKtronic No. 555 dual beam osc i l -  

loscope became ava i lab le ,  i t  w a s  then used. Th i s  provided two-channel 

recording a t  frequencies f a r  i n  excess of t h e  c a p a b i l i t y  of the p r i -  

mary measuring transducers.  However, s ince  only two-channel recording 

was poss ib le  a t  the higher rates, the  Poisson r a t i o  s tud ie s  a t  these 

rates were made without recording the load-time h i s t o r y  of the speci-  

men. This could have been recorded on a separa te  osci l loscope;  but ,  

s ince  t h i s  da ta  was not  considered necessary f o r  the  Poissonts  r a t i o ,  

A t  t he  higher s t r a i n  r a t e s ,  t h i s  switching f r e -  

s tud ie s ,  i t  w a s  no t  recorded. 

The a c t u a l  d a t a  recording was done photographically using a 

technique mown as "single shot oscillophotography." Basical ly ,  t h i s  



c o n s i s t s  of using a 1ocKout device t h a t  allows the  osci l loscope t o  

sweep only once. 

i n i t i a t e d  by an appropriate  t r igger ing  device. 

The camera l e n s  i s  l e f t  open, and the sweep is  

The photographic 

f i lm then records the  d a t a  t h a t  follows fo r  a period of time depen- 

dent on the  sweep speed of the oscilloscope. This method i s  qu i t e  

valuable i n  the  study of f a s t  t r ans i en t  phenomena but  represents  

s e v e r a l  technical  d i f f i c u l t i e s .  first, the e f f e c t i v e  wr i t ing  r a t e  

of the osci l loscope,  camera l ens ,  f i lm combination must be deter-  

mined and has  both m a ~ m u m  and minimum values t h a t  cannot be exceeded. 

Thus, i n  t h i s  worK over such a broad range of s t r a i n  r a t e s ,  th ree  

d i f f e r e n t  f i lms were required: 

1. Polaroid Type 55 P/N ASA 25 f o r  r a t e s  up t o  
l /sec.  

2. Polaroid Type 47 ASA 3,000 f o r  r a t e s  up t o  
1, CQO/sec. 

3. Polaroid Spec ia l  Purpose Type 51 ASA 10,000 
f o r  r a t e s  up t o  8,CQO/sec. 

Sweep t r igger ing  is especial ly  c r i t i c a l  i n  s ing le  shot  o sc i l l o -  

photography. I n  these experiments, severa l  schemes were attempted 

t o  generate an accurate  t r igger ing  s igna l .  The Type 531 oscil loscope 

w a s  i n t e r n a l l y  modified s o  t h a t  a var iab le  time delay could be imposed 

between the t r igger ing  s igna l  and the  advent of the  s i n g l e  sweep. 

T h i s  allowed prec ise  synchronization of the i n i t i a t i o n  of the sweep 

with the  start of  the  compression tests. With t e s t  times on the 

order  of 10 microseconds, the importance of sweep synchronization 

cannot be overemphasized. The Type 555 osci l loscope came equipped 
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with t h i s  f ea tu re  s o  t h a t  no modification was necessary. 

r a t e s ,  a simple contact  switch served as the t r i g g e r i n g  device. A t  

r a t e s  much above lO/sec, however, switch b r e a a g e  occurred and another 

method was required.  

output waveform and the  oscil loscope t r i g g e r i n g  s t a b i l i t y  character-  

i s t i c s  introduced an uncontrollable v a r i a t i o n  i n  timing which made 

operation d i f f i c u l t .  

while subjec t  t o  the  same d i f f i c u l t i e s  as the  magnetic piw-up, operated 

i n  a more r e l i a b l e  fashion. 

became ava i lab le ,  i t  provided a f ine  vern ier  adjustment f o r  the  trig- 

ger ing s t a b i l i t y  which allowed t r igger ing  on the incoming load c e l l  wave 

form. 

A t  the  low 

A magnetic proximity picK-up w a s  t r i e d ,  but  t he  

A photoelectr ic  t r i g g e r  was then t r i e d  and, 

Final ly ,  when the  Type 555 osci l loscope 

This proved the  bes t  method and w a s  used subsequently. 

With t h i s  system, photographs displaying two wave forms represent-  

i n g  the  load-time h i s t o r y  and the  displacement-time h i s t o r y  of the 

specimen were obtained. For the Poisson's r a t i o  s t u d i e s ,  the  l a t e r a l  

s t ra in- t ime w a s  s u b s t i t u t e d  fo r  the load-time h is tory .  It  i s  possible  

t o  record the load-displacement diagram d i r e c t l y  with t h i s  equipment. 

This  diagram, by de f in i t i on ,  is tantamount t o  the engineering s t r e s s -  

s t r a i n  ciirve. All t h a t  would be required t o  do t h i s  would be t o  con- 

nec t  the  load s igna l  t o  the horizontal  input  of the  oscil loscope. 

s i m i l a r  scheme could be done with the  two s t r a i n  signals i n  the  Poisson9s  

r a t i o  zests .  

r a t i o .  

not used f o r  t h i s  reason. 

A 

The secant  modulus o f  t h i s  curve would then give Poisson's 

These methods would not y ie ld  ve loc i ty  measurements and were 
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H) Summarx 

The s a l i e n t  fea tures  of t h i s  equipment are: 

a>  An a i r  gun t h a t  provides f o r  p r e c i s e  alignment and 

cont ro l  o f  the  pis ton ve loc i ty .  

A p i s t o n  Kinetic energy t o  specimen s t r a i n  energy r a t i o  

t h a t  is always l a r g e r  than 10 t o  1 s o  t h a t  the ve loc i ty  

of the p is ton  during the  t e s t  i s  reasonably constant.  

Provision t o  measure the  load with accuracy and high 

f i d e l i t y  . 
Provision t o  measure the  ve loc i ty  and displacement of 

the pis ton,  thus allowing computation of the  average 

s t r a i n  and average s t r a i n  r a t e .  

Recording of the load-displacement h i s t o r y  of t he  speci-  

men e 

b) 

c )  

d) 

e )  
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V. CALIBRATION 

A )  Introduct ion 

Dynamic Ca l ib ra t ion  o f  force  and motion measuring systems 

is extremely important;  bu t ,  unfortunately,  it i s  gene ra l ly  q u i t e  

d i f f i c u l t .  As a consequence,, the dynamic c a l i b r a t i o n  of such i n s t r u -  

mentation i s  frequent ly  accomplished through a s t a t i c  c a l i b r a t i o n  and 

considerat ion of t h e  n a t u r a l  frequency of t h e  device. 

then be made with the  frequency response o f  a l i n e a r  harmonic o s c i l l a -  

Analogies may 

t o r  t o  a s inuso ida l  input.  A harmonic a n a l y s i s  of t h e  inpu t  waveform 

then i n d i c a t e s  t o  some ex ten t  the f i d e l i t y  of t h e  system i n  question, 

and the accuracy of a s t a t i c  c a l i b r a t i o n  may be estimated. The ch ie f  

source of e r r o r  i n  t h i s  approach i s  t h e  d i s p a r i t y  between the  theore- 

t i c a l  behavior of a l i n e a r  harmonic o s c i l l a t o r  and t h e  a c t u a l  behavior 

of real system,s. Unfortunat;ely, the only accurate  method of assessing 

t h i s  e r r o r  i s  through a comparison o f  t he  t r u e  dynamic response of the 

a c t u a l  system and t h e  estimated theo re t i ca l  response based on the  above- 

mentioned scheme. 

B) Load C e l l  

The load  ce l l ,  as mounted i n  the  support  platform, had a 

measured n a t u r a l  frequency of 83 KC and a r i s e  time between 3 and 4 

microseconds. This  was determined by r ing ing  the  c e l l  and observing 

t h e  ensuing waveforms. S t a t i c  c a l i b r a t i o n  of such quartz  l oad  c e l l s  



is t he  accepted procedure and recommended by the manufacturer. 

s t a t i c  c a l i b r a t i o n  of the c e l l  used i n  these  experiments was made by 

loading i n  a Tinius  Olsen Electrornatic Test ing machine with the  c e l l  

mounted i n  the support platform i n  exac t ly  the  same w a y  as during the 

experiments. The output was displayed on the  osci l loscope and ca l ibra-  

t i o n  curves perpared, (Figure 12). Thus, an overa l l  system c a l i b r a t i o n  

was made from a Known force input .  

been c a l i b r a t e d  at  s e v e r a l  d i sc re t e  p o i n t s  with dead weights and e r r o r s  

were a l l  l e s s  than 2 percent. 

e c c e n t r i c i t y  on the output of the  load c e l l  w a s  made and ind ica ted  

t h a t ,  within broad l i m i t s ,  t he  e f f e c t  was negl igible .  Since adequate 

center ing w a s  provided i n  the support frame design, this w a s  not  pur- 

sued fur ther .  

The 

The t e s t i n g  machine had previously 

An i n v e s t i g a t i o n  o f  t h e  e f f e c t  of load 

C )  Capacitance Displacement Meter 

A s p e c i a l  f i x t u r e  was constructed f o r  use i n  the c a l i b r a t i o n  

of t h e  capacitance displacement meter, (Figure 14) .  This consis ted of 

a d i f f e r e n t i a l  screw t h a t  allowed prec ise  movement of the  pis ton.  A 

dial i n d i c a t o r  with an estimated accuracy of f0.000~ inches was used 

t o  measure t h i s  movement. 

measured through the  Dynagage and the osci l loscope i n  the same manner 

as during the a c t u a l  experiment. This gave a simple system ca l ibra-  

t ion.  It should be pointed out that  the i n i t i a l  zero or  tuned poin t  

on t h e  Dynagage has  a s i g n i f i c a n t  e f f e c t  on the ca l ib ra t ion ,  

r e q u i r e s  t h a t  the  specimens all have the  same height.  

The output of the  capacitance meter w a s  

This 

Furthermore, 
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s i n c e  the  sensing r i n g  of the  capacitance meter surrounds the speci-  

men, the e l e c t r i c a l  p roper t ies  of the gap a r e  influenced by the  speci-  

men. Cal ibra t ion  should, therefore,  occur with the  specimen i n  place. 

However, c a l i b r a t i o n  t e s t s  with and without a specimen indicated no 

de tec tab le  d i f fe rence  i n  the  case of t he  bone, aluminum, and nylon. 

This is a t t r i b u t e d  t o  the l a rge  gap volume compared t o  the small specimen 

volume. I n  the  case of t he  l a rge r  muscle t i s s u e  specimens, however, 

considerable d i f fe rence  occurred and c a l i b r a t i o n  had t o  be made with 

a specimen i n  place. 

D> S t r a i n  Gages 

No c a l i b r a t i o n  of the s t r a i n  gages was made. The manufac- 

turer 's  gage f ac to r  w a s  used for s t r a i n  computation and no cor rec t ion  

was made fo r  c ross -sens i t iv i ty .  
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VI. SPECIMEN PREPARATION AND SELECTION 

A) Human Bone 

The human bone specimens were a l l  obtained from the  r i g h t  

femur of a 24-year old white male who died of an acute  cardiac f a i l u r e .  

The specimens were made from the middle t h i r d  of t he  shaf t .  No attempt 

w a s  made t o  s tudy the  va r i a t ion  of p rope r t i e s  with loca t ion ,  and i t  

w a s  assumed t h a t  t h e  specimen proper t ies  were approximately the  same. 

The sample had been embalmed with a mixture of formi l in ,  pheno1,alcohol 

and g lycer in ,  and w a s  t y p i c a l  l ld i ssec t ing  room material ."  The middle 

t h i r d  of  the  s h a f t  w a s  first sawed lengthwise i n t o  s ix ths ,  and these 

sex tan t s  then wet sanded i n t o  rectangular  s t r i p s  approximately 0.180 x 

0.200 x 3 inches.  Care w a s  taKen t o  maintain the  a d s  of these  s t r i p s  

p a r a l l e l  with the  axis of the  sha f t ,  thus  maintaining an approximate 

uniformity i n  the  arrangement of the  t rabeculae of t he  var ious  speci-  

mens. 

f r e e  from de fec t s  with no heat ing of the  mater ia l  o r  moisture loss .  

Since drying causes s i g n i f i c a n t  changes i n  the  mechanical p rope r t i e s  

of bone, the  samples were Kept e i the r  wet o r  submerged i n  water a t  all 

times, except f o r  the  Poissonls r a t i o  t e s t  specimens. 

m i l l e r  was employed f o r  the f i n a l  machining operat ion,  (Figure 15). 

The f i n a l  specimen s i z e  was 0.175 x 0.175 x 0.250 inches. 

This wet sanding produces a sur face  f i n i s h  t h a t  is smooth and 

A small bench 
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B) Bovine Bone 

The samples t e s t e d  were a l l  machined from one bovine femur. 

Less than f i v e  days elapsed from the time the  animal w a s  s a c r i f i c e d  

and the  completion of all t he  tests except the h ighes t  s t r a i n  r a t e  

t e s t .  

days later. 

water and re f r igera ted .  

t o  t h a t  employed with human bone specimens. 

The h ighes t  s t r a i n  r a t e  test w a s  performed approernately t h i r t y  

During t h i s  time, the mater ia l  w a s  Kept submerged i n  

Other handling and machining w a s  i d e n t i c a l  

C) Bovine Musculo Tissue 

These samples came from t h e  muscle t i s s u e  surrounding the 

bovine femur. A l l  samples came from the same animal and t e s t i n g  was 

completed within three days a f t e r  obtaining the  mater ia l .  

w a s  conditioned p r i o r  t o  t h i s  by aging under r e f r i g e r a t i o n  u n t i l  the  

The mater ia l  

mechanical s t a b i l i z e d  s t a t e  was at ta ined.  It is  not  Known how c lose ly  

t h i s  s t a t e  approximates the i n  vivo s t a t e .  

s l i c e d  perpendicular t o  the long ax i s  of the bone i n  shee t s  3/8 inch 

thicK. 

The material was f i r s t  

m e n ,  using a corK boring t o o l ,  0,875 inch dia .  round, speci-  

mens were punched from the shee ts ,  (Figure 16). Specimens composed 

pr imari ly  of muscle t i s s u e  with l i t t l e  o r  no f a t  were s e l e c t e d  €or 

t e s t i n g .  

D) Aluminum 

Alcoa Aluminum Alloy QQ 1100, which i s  99 percent  pure 

aluminum, was se lec ted  f o r  tes t ing .  The mater ia l  w a s  suppl ied i n  

1/4 i n c h  square extruded bar  stocK. The specimens were machined s o  



t h a t  t he  specimen axis w a s  perpendicular t o  t he  extruding axis. After 

machining, the  specimens were annealed a t  700" F .  f o r  one hour and 

cooled i n  air. The specimen s i z e  was the  same as f o r  bone. 

E) Nylon 

Nylon i s  the  generic name for the  polymerization product 

The nylon formed i n  the  r eac t ion  of an organic ac id  with an amine. 

used i n  t h i s  s tudy was a diacid-diamine type manufactured by the  

condensation of ad ip i c  ac id  with hexamethylenediamine. 

0 
I 1  

0 
11 

HO - C - CH2CH2CH2CH2 - C - OH (Adipic ac id )  

(Hexamethylenediamine) r +z ' - CH 2 2 2 2 2 2 . 3  CH CH CH CH CH 

CH2CH2 - C - N - (CH2l6 - N - C - CH2 - CH2 (Nylon 6,6)  
t? I 1  1 I1  

0 0  H O  

The chain length  can be cont ro l led  by adding a s l i g h t  excess of 

I n  the  commercial e i t h e r  ac id  o r  amine t o  the  polymerizing mixture. 

nylon used here ,  t he  chain length corresponded t o  a mass formula of 

about 12,000. 3 The densi ty  fo r  t h i s  ma te r i a l  was 0.042 lbs / in  . 
The mater ia l  was supplied i n  1/4 inch  square extruded bar S t O C K  

and specimens machined i n  an i d e n t i c a l  fashion t o  the  aluminum. 
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VI10 PROCEDURE 

1 

A) Data Collect ion 

Once the  specimen preparation and measuring systems c a l i -  

b r a t i o n  was accomplished, the  ac tua l  t e s t  procedure becomes q u i t e  , 

simple. 

indenta t ion  provided f o r  prec ise  centering. 

machine was s e t  fo r  the proper head ve loc i ty  and s t a r t e d ;  o r ,  i f  the 

air gun were used, the reservoi r  was f i l l e d  With the  proper air pres- 

s u r e  and the quicK r e l e a s e  handle turned. 

r e s t  or the  load i n d i c a t o r  of the Electromatic ind ica ted  the head had 

bottomed and was compressing the  rubber,  the t e s t  was over. The film 

w a s  then developed and, - i f  the  t r igger ing  had been prec ise ,  the load  

and displacement t ransducers  properly adjusted and amplified,  the 

scope i n t e n s i t y  and camera aperature co r rec t ,  and the f i lm handled 

properly,  a v a l i d  representa t ion  of the load-displacement h i s t o r y  of 

the specimen was obtained. 

of the cyl inder  t o  engage the re lease  mechanism by evacuating the  

r e s e r v o i r  through the  air-operated asperator .  

specimen was measured with a micrometer, provided i t  had not  s h a t t e r e d  

as i n  the case of bone. 

The specimen was placed on the  load  transducer cap. A slight 

The Electromatic t e s t i n g  

When the p is ton  came t o  

The pis ton was then returned t o  the  top  

The f i n a l  s i z e  of the 

One d i f f i c u l t y  i n  the study of r a p i d l y  occurring t ransient  

phenomena of t h i s  s o r t  is t h a t  of s e t t i n g  p r e c i s e l y  the  load and 

displacement ampl i f ie rs  and sweep time s o  t h a t  optimun use i s  made 



, of the  l i m i t e d  area of the oscil loscope. Each observation of the 

e f f e c t  of an adjustment r e q u i r e s  the expenditure of a specimen and 

a shee t  of film. 

diagnosis  of system malfunctions. 

Th i s  s i t u a t i o n  also complicates t rouble  shooting o r  

B) Data Processing 

The oscil lophotograph obtained from a s t r a i n  r a t e  t e s t  

d i sp lays  curves represent ing t h e  force and displacement h i s t o r y  of 

the specimen. 

obtained from the  appropriate  ca l ib ra t ion  curves. 

The s p e c i f i c  values of the  force  and displacement a r e  

The engineering 

stress is  by d e f i n i t i o n  the  force on the  t e s t  piece divided by che 

i n i t i a l  cross-sect ional  areao The t r u e  s t r e s s  is t h i s  force divided 

by the  instantaneous areao I f  Poisson's r a t i o  is 0.5 f o r  the  material, 

then the t rue  s t r e s s  equals the engineering s t r e s s  mul t ip l ied  by 

(1 + e ) ,  where e i s  the s t r a i n  based on ti;e i n i t i a l  length.  I n  the  

t e s t s  of bone, the  maxilirun s t r a i n  is very small s o  t h a t  there  i s  no 

s i g n i f i c a n t  d i f fe rence  between the t r u e  stress and the  engineering 

stress. I n  the t e s t s  of  aluminum and nylon, however, there  is a d i f -  

ference;  therefore ,  the values given i n  t h i s  paper a r e  a l l  t r u e  s t r e s s  

values,  (Figure 37, page 9 1 ) .  

True s t r e s s - s t r a i n  curves were p l o t t e d  from the  OSCil~OphOtO- 

graphs f o r  each t e s t a  

i n g  of 10 t e s t s  of bovine femur bone. The modulus of e l a s t i c i t y ,  

u l t imate  s t rength ,  and m a x i m u m  s t r a i n  were averaged and a s t r e s s -  

Figure 36 (page 9 0 )  shows the typ ica l  s c a t t e r -  

s t r a i n  curve constructed,  (Table 1). This curve represents  t he  average 

material behavior a t  the  s t r a i n  r a t e  under consideration. 
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The ve loc i ty  of  the pis ton or t e s t i n g  machine head i s  determined 

from the  s lope of t he  displacement time diagram. 

then approximated by dividing this v e l o c i t y  by the  i n i t i a l  specimen 

length.  Since the  specimen length changes throughout t he  t e s t ,  t h i s  

s e r i e s  of  experiments a r e  b e t t e r  described as constant ve loc i ty  

r a t h e r  than constant s t r a i n  r a t e  t e s t s .  

The s t r a i n  r a t e  i s  



VIII. RESULTS 
.J 

A )  Introduct ion 

The r e s u l t s  of t h i s  experiment are presented i n  the  form 

of s t r e s s - s w a i n  diagrams, (Figures 24-28) ; the  s i g n i f i c a n t  f ea tu re s  

of which a re  summarized i n  Table 2. 

the  s t r e s s  and s t r a i n s  were uniformly d i s t r i b u t e d  throughout the 

specimen. 

da tes  t h i s  assumption t o  some extent. 

s i g n i f i c a n t  i n  t h a t  they represent  average values;  and i t  is the  only 

information of i ts Kind avai lable .  

s t r a i n  cannot exist so long as the time requi red  f o r  transmission is  

s i g n i f i c a n t  when compared t o  the t e s t  time. 

high r a t e s  can only be i n t e r p r e t e d  by applying appropriate  wave theory. 

Unfortunately, wave theor ies  depend on information obtained from tests 

of t h i s  s o r t .  This s i t u a t i o n  may be v isua l ized  as a c i r c l e  of ever 

decreasing r a d i u s  with theory and experiment gradual ly  approaching an 

accura te  descr ip t ion  of t he  phenomena. It is  hoped t h a t  the  thinness  

of t h e  specimens used here  and the ca re  with which they were s e l e c t e d  

and machined have minimized the e r rors  due t o  this assumption. 

It has been t a c i t l y  assumed t h a t  

The inhomogeneity of some of t he  materials t e s t e d  i n v a l i -  

However, t he  d a t a  are still 

Also, homogeneity of s t r e s s  and 

Therefore, t e s t s  at  very 

B) Typ i c a l  Test Records 

Figures 17 through 21 show t y p i c a l  oscil lophotographs of 

high and low r a t e  t e s t s  f o r  f resh  bovine bone, embalmed human bone, 
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bovine muscle t i s s u e ,  nylon and aluminum. The displacement s ca l e  is  

approximate uecause of the nonl inear i ty  of the  capacitance VS. d i s -  

placement curves. By using d l f f e ren t  sweep times,  e i t h e r  the complete 

record of the t e s t  from impact with the  specimen t o  contact  with the  

s t o p  or expanded port ions of t'his record could be obtained. A r a p i d  

f a l l  off  of load and increase  i n  def lec t ion  occurs i n  bone (Figures 17 

and 18) f o r  the low rate t e s t s  at f a i l u r e .  

pad spr inging bacK when the bone suddenly f rac tures .  

This i s  due t o  the rubber 

A s l i g h t  OSCil- 

l a t i o n  i s  v i s i b l e  i n  the high r a t e  t e s t s  of aluminum and nylon, but  

not  i n  the bone and t i s s u e  t e s t s .  

t i o n s  e i t h e r  i n  the  load c e l l  or  specimen. 

This i s  probably due t o  wave r e f l e c -  

C) O s c i l l a t i o n s  I n  Test ing 

A t  the  h ighes t  rate the air gun was capable of a t t a in ing ,  

using the  laboratory air supply, severe o s c i l l a t i o n s  occfirred i n  the  

force  transducer output ,  (Figure 22). Th i s  corresponds with a s t r a i n  

r a t e  of approximately 4,000 per second. 

usable range of  t he  force measuring system and no da ta  a r e  presented. 

!Chis r a t e  is outside the 

A number of other inves t iga t ions  29' 359 "have shown f orce-time 

diagrams showing o s c i l l a t i o n s  with var ious i n t e r p r e t a t i o n s .  

i t  should be recognized t h a t  outside of its frequency response range 

a transducer can only be used as a frequency measuring device. 

t r u e  t h a t  i n p u t s  of higher  frequency still cause outputs,  but  these 

general ly  cannot be i n t e r p r e t e d  

However, 

It is  
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Figure 22 a l s o  shows a force-time record t h a t  i s  typ ica l  of t he  

Portevin-LeChatelier effect34. This phenomena i s  associated with two 
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d i s t i n c t  f ac to r s .  Tne first is rapid  worK hardening and t h e  appear- 

l ance of sl ip-bands causing discontinuous yielding.  

s i t u a t i o n s ,  sudden and discontinuous y i e ld ing  causes l a r g e  o s c i l l a t i o n s  

I n  most t e s t  

I 

i n  t h e  fo rce  appl ied  t o  t h e  specimen. 

systems a re . incapab le  of following these force  surges;  hence, they 

Many s ta t ic  load  measuring 

o f t en  go unnoticed. The second f ac to r  i s  o s c i l l a t i o n s  induced by an 

uns tab le  load-velocity condi t ion due t o  the  presence of a load-velocity 

r e l a t i o n  with a negat ive s lope.  Such a mechanical system with e las t ic  

components and masses is sub jec t  t o  au to-osc i l la t ion .  

The load  f o r  Figure 22 was appl ied using a modified hammer impact 

t e s t e r  of t he  type used fo r  Charpy and Izod tests.  It is f e l t  t h a t  

t he  e l a s t i c i t y  of t h e  hammer plate contr ibuted t o  au to -osc i l i a t ion  

and w a s  sus ta ined  through t h e  discontinuous y i e ld ing  phenomena des- 

c r ibed  above. 

t h e  Electromatic t e s t i n g  machine or  t h e  Air Gun. 

No o s c i l l a t i o n s  of t h i s  * were observed when using -- 

D) Poisson 's  Rat io  

Figure 23 shows typica l  records  of the  Poisson 's  r a t i o  

'> t e s t s  using th ree  channels of a Type M TeKtronix fou r  channel pre- 

ampl i f ie r .  Figure 35 i s  a p l o t  o f  t h e  r e s u l t s  of such tes t s  f o r  

s e v e r a l  s t r a i n  rates. No s i g n i f i c a n t  va r i a t ions  of Poisson ' s  r a t i o  

with s t r a i n  ra te  were observed, s ince  i t s  value f e l l  wi th in  the bounds 

' _  \ 
t 

'*.,:\* 

\,% j d%b 

'.. \ 

I 

%,,\$ :. '&en f o r  each material. The curve f o r  nylon is p a r t i c u l a r l y  i n t e r -  
I \ , %  

;(' e s t i n g  i n  t h a t  Poisson 's  r a t i o ,  even f o r  l a r g e  s t r a i n s ,  s t a y s  consid- 
'i 

erably  less than 0.5, t h e  value required fo r  constant  volume flow. 

' 55 



.. 

I. 

t '  

I t  should be pointed out tha t  t h i s  phase of the worK represents  

only a preliminary study i n  regard t o  t h e  e f f e c t  of s t r a i n - r a t e  on 

Poisson 's  r a t i o .  

overshadow any small e f f ec t .  

p rec is ion  is twofold. 

largest  s t a b l e  compression sample poss ib le  from bone) requi res  the  

use of very small s t r a i n  gages with r e s u l t i n g  inaccuracies .  Second, 

and most important,  i s  the  non-isotropic flow t h a t  occurred during 

the t e s t s  of nylon and aluminum. Specimens t h a t  were square i n  c ross  

sec t ion  p r i o r  t o  t e s t i n g  became decidedly rectangular  during compres- 

sion. 

Thus, w i t h  t he  loads appl ied perpendicular t o  t h e  h r e c t i o n  of extrud- 

ing ,  t he  dimension of the specimen i n  the d i r e c t i o n  of extruding 

increased as much as 30 percent more than t h e  dimension perpendicular 

There i s  a la rge  spread i n  t h e  d a t a  which would 

The reason f o r  t h i s  apparent l a C K  of 

First, the small specimen s i z e  (chosen as t h e  

This occurred i n  aluminum, even though i t  had been annealed. 

t o  both the ex t rus ion  axis and the load  axis. I n  n e w  of the  fore-  

going, i t  i s  recommended t h a t  fur ther  s t u d i e s  be made on l a r g e r  speci-  

mens using ma te r i a l s  t h a t  are  more near ly  i so t rop ic .  Also, a d i f f e r e n t  

cap ica tor  p l a t e  with a smaller range, but  b e t t e r  r e so lu t ion ,  should be 

used. 

E) Stress -St ra in  Curves 

The average s t r e s s - s t r a in  curves obtained at  var ious s t r a i n  

rates for  f r e sh  bovine bone, embalmed human bone, bovine 'musculo tis- 

sue ,  nylon and aluminum a r e  displayed i n  Figures  24 through 28. Table 

2 summarizes the  var ious proper t ies  obtained from such diagrams. The 
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u l t ima te  compressive stress i s  the  maximum stress that w a s  a t t a i n e d  

during t h e  tes t .  Since the  stress f o r  the bovine t i s s u e ,  nylon and 

aluminum increased continuously with s t r a i n ,  vaiues  are given a t  par- 

t i c u l a r  s t r a i n s  as noted. 

t i o n a l  t o  the  area under the  s t r e s s - s t r a i n  curve. 

The energy absorbtion capac i ty  i s  propor- 

. This r ep resen t s  t he  

worK done i n  s t r a i n i n g  the  material t o  f a i l u r e  as i n  the case of the  

bone samples or  t o  a p a r t i c u l a r  s t r a i n  l e v e l  f o r  t h e  o the r  materials 

noted i n  the  t ab le .  
e .  

F) Types of Fa i lu re s  

Figures 39 and 40 show the  general  f a i l u r e  types. The f ina l  

s izes  are ind ica t ed  a l so .  

the governing parameters was found. 

No c o r r e l a t i o n  of f i n a l  s i ze  with any of 

This-was probably due t o  the  d i f -  

f i c u l t y  of measuring small i r r e g u l a r  shapes. The f i n a l  configurat ions 

of t h e  nylon and aluminum specimen were un in te re s t ing ,  except f o r  evi- 

dences of anisorrophy as mentioned previously. Also, s l i p  planes o r  

Leuder 's  l i n e s  were observed i n  both materials i n d i c a t i n g  t h a t  t he  

b a s i c  flow mechanism w a s  due t o  shear. 

The bovine t i s s u e  specimen gave of f  s i z e a b l e  amounts of f l u i d  

during compression. This caused considerable e l e c t r i c a l  d i f f i c u l t i e s  

i n  t h e  t ransducers  by shor t ing  tne capacitance p l a t e s  and load c e l l .  

P i e z o e l e c t r i c  devices a r e  very s e n s i t i v e  t o  humidity i n f i l t r a t i o n ,  

and the load  c e l l  had t o  be b a e d  seve ra l  times t o  r e s t o r e  the  imped- 

ance values  necessary f o r  proper operation. A s ea l ed  system w a s  

f i n a l l y  used f o r  t h e  t i s s u e  tests. 

'L 



Both the  beef and human bone specimens ind ica ted  two reg ions  of 

For the low r a t e s ,  shear f a i l u r e s  similar t o  the cone f a i lu re .  

f a i l u r e s  of  concrete compression tes ts  were observed. 

f a i lu re  pe r s i s t ed  up t o  s t r a i n  rates of approximately l/sec. 

t h i s  rate, bone f a i l u r e s  were typ i f i ed  by v e r t i c a l  s p l i t t i n g  with 

many small pieces  being formed, (Figure 39, Page 93) 

This  type of 

Above 



Specimen 
Number 

B1- 001 

B3- 001 

B4- 001 

~5-. 001 

B6- 001 

B7- 001 

B8- 001 

Bg-. 001 

B1O- 001 

AVERAGE 

. 59 

Table 1. Typical Data Sheet 

S t r a i n  Rate 0.001 

Specimen Type Bovine Femur 

ET1 t i m a t  e 
S t rength  

p s i  

22,890 

19,260 

22 , 540 

24,360 

26,700 

25,060 

19,800 

28,440 

25,460 

M a x i m u m  
S t r a i n  

in / in  

18 1975 

14,750 

14 , 540 
16,500 

15,950 

13,700 

20,800 

22,300 

21,000 

28, goo 

18,742 

Modulus 
p s i  

6 

‘ 6  
3.27 x 10 

2.76 x 10 
2.88 x 10 6 .  

2.91 x io . 6 
1 

2.79 x 10’ 
6 3.22 x 10 

1.85 x i o  6 
6 2.00 x 10 
6 1.82 x 10 
6 2.01 x 10 

6 2.73 x 10 
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IX. COMMENTS AND CONCLUSIONS 

A) General RemarKs 

Figures 29 through 34 show the  v a r i a t i o n  of various proper- 

t i e s  with s t r a i n  rate. Other have ind ica ted  t h a t  

c e r t a i n  proper t ies  of metals,  notably u l t imate  t e n s i l e  s t rength ,  vary 

exponentially with s t r a i n  ra te .  Therefore, these  curves are a l l  plot-  

t ed  with a logarithmic s c a l e  f o r  the s t r a i n  r a t e .  

i n t e r e s t  a r e  Figures 29 and 32, where the  s t r e s s  VS. s t r a i n  r a t e  f o r  

a constant  s t r a i n  are plot ted.  The p o i n t s  f a l l  very near ly  on a 

s t r a i g h t  l i n e ,  i n d i c a t i n g  a funct ional  r e l a t i o n s h i p  of the  form 

O f  remarKable 

CJ e = const = A t n G + B  

appl ies .  

I n  this equation, 0 represents  the  s t r e s s ,  i! the s t r a i n  rate, and 

A and B a r e  constants  equal t o  the s lope  and s t r e s s  i n t e r c e p t  a t  a 

s t r a i n  r a t e  of l /sec.  of the s t r a i g h t  l i n e ,  respect ively.  

A and B a r e  found i n  Table 3, along m t h  o ther  mater ia l  and test  param- 

e t e r s .  

approldmately the  same fo r  the same mater ia l ,  t h a t  A represents  a t rue  

material property,  while B i s  a function of the s t r a i n  r a t e .  

Values of 

It  would appear t h a t ,  s i n c e  the  s lopes  of these l i n e s  are 

A general  funct ional  re la t ionship  connecting s t r e s s ,  s t r a i n ,  and 

s t r a i n  r a t e  may be thought of as being represented by a surface,  
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Property 

Weight #/in’ 

S t a t i c  E l a s t i c  
Modulus p s i  

5 Velocity 10 
in/sec.  .!F/S 

E l a s t i c  Wave 

E l a s t i c  Wave 
Spechen  Trans i t  
Time 10-6 sec.  

maximum E i a s  t i c  
Tes t  Time sec. 

Impedance e = & c  
S lug / f t2  sec. 

*Rate S e n s i t i v i t y  

A. P s i  Sec. 
B. P s i  

A. P s i  Sec. 
B. P s i  

Table 3 

Material  Proper t i es  

Fresh Embalmed 
Bovine H U m a  

Aluminum Femur Femur 
Q Q l l 0 0 - 0  Nylon Bone Bone 

0.098 0.042 0.070 0.068 

6 6 6 10 x lo6 0.19 x 10 2.7 x 10 2.2 x 10 

1.90 0.42 1.21 1.05 

103 6.0 2.06 2.4 

1.7** 2.0** 2.1 2.1 

*Rate S e n s i t i v i t y ,  t h e  r a t i o  of t he  s t a t i c  s t r eng th  t o  the  s t r eng th  
a t  a s t r a i n  r a t e  of l,wO/sec. 

**Measured a t  10 percent s t r a i n  

+Measured a t  2 percent  s t r a i n  
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(Figure 38) .  

of the  i n t e r s e c t i o n s  of planes p a r a l l e l  t o  t h i s  coordinate plane and 

the  sur face  would be similar t o  the family of s t r e s s - s t r a i n  curves of 

FYigures 24 through 28. 

rate coordinate plane of the i n t e r s e c t i o n s  of planes p a r a l l e l  t o  this 

coordinate plane and the sur face  may be liKened t o  the  family of 

exponentials of Figures 29 and 34. 

"he pro jec t ions  on the s t r e s s - s t r a i n  coordinate plane 

L i K e w i s e ,  the pro jec t ions  of the stress-strain 

Thus, t h i s  sur face  m a y  be con- 

s t r u c t e d  from the  da ta  of t h i s  experiment. Furthermore, s ince  these 

pro jec t ions  represent  der iva t ives  of the  s t r e s s  funct ion with respec t  

t o  a coordinate,  i f  the  equations of these fami l ies  could be deduced, 

then the  equation of the sur face  could be obtained. 

Thus fo r  
o = f ( e ,  6) 

I n t e g r a t i n g  y i e l d s  

This i s  an i n t e r e s t i n g  formulation and worthy of more considera- 

t i o n  than i t  i s  our purpose t o  give here. However, i t  has  been shown 

t h a t  a family of stress-strain curves obtained a t  constant s t r a i n  

rates i s  s u f f i c i e n t  t o  construct  a sur face  o = f ( e ,  &). 

worthwhile t o  determine i f  a var iab le  r a t e  t e s t  y i e l d s  curves t h a t  

s t a y  on t h i s  surface.  

It would be 



t 

It is recommended t h a t  other  mater ia ls  be evaluated t o  e s t a b l i s h  

the f e a s i b i l i t y  of using the constant A (s lope of t he  0 - & curves) 

as a mater ia l  property i n d i c a t i v e  of t he  s t r a i n  rate s e n s i t i v i t y  of 

the s t r e n g t h  c h a r a c t e r i s t i c s  of mater ia lso 

ment indicate  t h a t  th ree  qu i t e  d i f f e r e n t  s o l i d s ,  bone, nylon, and 

aluminum, fol low t h i s  r e l a t i o n  t o  a good approximation. 

The r e s u l t s  of this experi- 

B) Bone - 
B e  resu l t s ,  p a r t i c u l a r l y  as displayed i n  Figures and 

34, i n d i c a t e  the exis tence o f  a c r i t i c a l  ve loc i ty  fo r  bone. 

c a l  ve loc i ty  occurs when the propert ies  of a material e x h i b i t  l a r g e  

v a r i a t i o n  over a small range of s t r a i n  r a t e s .  

a l a r g e  change i n  t h e  energy absorbtion capaci ty  and the  maximum 

s t r a i n  t o  f a i l u r e  occurs a d t r a i n  r a t e s  between 0.1 and 1 per second. 

S imi la r  c r i t i c a l  v e l o c i t i e s  f o r  ce r t a in  p l a s t i c s  have been reported 

by another i n v e s t i g a t i o n  . The difference i n  the f r ac tu res  t h a t  

wc-ar as the s t r a i n  ra te  is increased a l s o  v e r i f i e s  the exis tence of 

a c r i t i c a l  veloci ty .  Associated with t h i s  i s  t h e  occurance of a maxi- 

mum i n  the  energy absorption curves, (Figure 30). These d a t a  i n d i c a t e  

A c r i t i -  

For these bone t e s t s ,  

1 

47 

t h a t ,  i n  designs where energy absorption is a c r i t e r i a ,  the  ve loc i ty  

of impact should be Kept as low as possible.  

Bone, as a material, i s  a special ized type of connective t i s s u e ,  

character ized by the  presence of c e l l s  with long branching processes 

(osteocytes)  which occupy c a v i t i e s  (lacunae) and f i n e  canals  (cana l ic -  

u l i )  i n  a hard dense matrix consis t ing of bundles of collagenous f i b e r s  
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i n  an  amorphous ground substance (cement) impregnated with calcium 

phosphate complexes. The bone s t r u c t u r e  i s ,  the re fo re ,  t y p i f i e d  by a 

h ighly  or iented f i b e r  matrix w i t h  calcium sal ts  cemented i n  place t o  

provide r i g i d i t y .  Bone t i s s u e  shows many l e v e l s  of organization, the  

most prominent of which, i n  t h e  type used he re ,  i s  t h e  lamellar 

s t r u c t u r e  resembling a laminated plywood type matrix. 

the loads  were appl ied i n  the d i r ec t ion  of t h e  axis of t he  bone. 

corresponds t o  t h e  d i r e c t i o n  of the f i b e r  bundlecwhich are arranged 

I n  t h e s e  tes ts ,  

This 

i n  p a r a l l e l  o r  concentr ic  shee ts .  Successive s h e e t s  d i f f e r  i n  t h i s  

predominant f i b e r  d i r ec t ion ,  so  tha t  an area of lamellae has  a strati- 

f i e d  appearance. The f ron t i sp i ece  shows a cross-sect ion of a t y p i c a l  

human bone specimen. The magnification i s  approximately 1OOx. The 

s e c t i o n  was d r i ed ,  ground, and polished. I l l umina t ion  is by polar ized 

l i g h t .  It  is suggested t h a t  the low rate shear  f a i l u r e s  r e s u l t  from 

a d i s t o r t i o n  of t h e  lamellar substructure  r e s u l t i n g  i n  f i n a l  separa- 

t i o n  and f r a c t u r e  along several. weaKer planes.  The high rate f a i l u r e s ,  

however, appear to fo l low t h e  cementing l i n e s  marKing the extreme 

boundaries of each Haversian system, which are ,  i n  r e a l i t y ,  i n t e g r a l  

cy l inde r s  extending from considerable d i s t ances  i n  the  long axis of 

the bone. 

Other i n v e s t i g a t o r s ,  42 including this author ,  have made s t u d i e s  

t h a t  i n d i c a t e  embalming does not  s i g n i f i c a n t l y  al ter the  s t a t i c  pro- 

p e r t i e s  of f r e s h  bone. 

bone t o  Itin -- vivo" propert ies .  

compact bone is t h e  f i x a t i o n  of the collagenous f i b e r s .  

This allows ex t r apo la t ion  of t e s t s  on embalmed 

The p r i n c i p a l  e f f e c t  of embalming on 

I f ,  as 
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hypothesized, the low r a t e  f a i l u r e s  occur through the  collagen matrix,  

then the  d i f fe rences  between the curves (Figures 30 and 34) fo r  f r e s h  

bovine bone and embalmed human bone may be due t o  embalming. 

of tests i s  being planned t o  t e s t  t h i s  theory. 

A s e r i e s  

C) Bovine Musculo Tissue 

The dynamic response of t h i s  mater ia l  is perhaps bes t  

understood by considering t h a t ,  i n  essence, i t  has a c e l l u l a r  s t ruc-  

t u r e  where the ind iv idua l  c e l l s  are  membranes surrounding a f lu id .  

There i s  a l s o  f l u i d  i n  the  i n t e r s t i t i a l  spaces between the c e l l s .  

The shape of the curves (Figure 26) suggests  t h a t ,  a t  the low r a t e s ,  

t h i s  f l u i d  has time t o  squeeze out both through the  membrance of the 

ind iv idua l  c e l l s  and around them. This  g ives  a smooth s t r e s s - s t r a i n  

diagram. As the r a t e  i s  increased, t he re  is l e s s  and l e s s  time fo r  

-I..< b L L L U  - ti; occur, a& thr c e l l s  tesd tO r l l p t u r e  callsing the chamcrer- 

i s t i c  hump i n  the curves, "hat t h i s  humping fea ture  starts t o  d is -  

appear a t  the  higher r a t e s  may imply t h a t  the  v i scoe la s t i c  proper t ies  

of t h e  collagen a r e  approaching those of the f l u i d  as t o  dynamic 

response. 

configurat ion a f t e r  t he  t e s t s .  I n  the  low r a t e  t e s t s ,  tne  f l u i d  and 

mater ia l  were in te rspersed;  while i n  the  higher r a t e  t e s t s ,  the  f l u i d  

was spread out i n  a much wider area and the mater ia l  remaining was 

dryer.  

Some credence i s  given t o  t h i s  explanation by the f l u i d  



D) Nylon and Aluminum 

I n  t h i s  s e r i e s  of experiments, nylon and aluminum were 

t e s t e d  s o  t h a t  their  dynamic p rope r t i e s  could be compared with the  

b i o l o g i c a l  materials. A s  t h e  various c r o s s  p l o t s  i n d i c a t e ,  embalmed 

human bone, f r e s h  beef bone, and nylon respond i n  a s i m i l a r  manner 

t o  va r i ab le  ra te  t e s t sp  except where the m a x i m u m  stram i s  concerned. 

Since bone f r a c t u r e s ,  while nylon and aluminum do n o t  a c t u a l l y  f a i l  

under compressive loading,  no comparison can be made on t h i s  basis .  

I f ,  however, the bone tes ts  a r e  not t m e n  t o  f a i l u r e ,  then the  general  

shape of t he  curves will be the  same f o r  all t h r e e  materials. 

imp l i e s  t h a t  a su r face  representat ion of t h e  r e s u l t s  of t hese  tes t s ,  

on bone, nylon, and aluminum, as  suggested e a r l i e r ,  would possess 

remarKable s i m i l a r i t i e s .  

This 

e r d l y ,  i n  these theo r i e s ,  assumptions a r e  made about the  form of the 

c o n s t i t u t i v e  equation with emphasis on the s t a t i c  s t r e s s - s t r a i n  curve. 

Needless t o  say ,  these t h e o r i e s  explain t h e  var ious experimental da t a  

a v a i l a b l e  with only l i m i t e d  accuracy. It  would, t he re fo re ,  be worth- 

while t o  perform an a n a l y s i s  based on t h e  general  wave equatlon, bu t  

using the r e s u l t s  of t h i s  paper i n  place of t h e  c o n s t i t u t i v e  equation. 

I n  t h i s  connection, a numerical so lu t ion  could be obtained using the 

d i g i t a l  computer. I n  which case,  t he  information contained i n  the  

s t r e s s - s t r a i n  curves could be programmed d i r e c t l y  and an empir ical  

81 



funct ional  representa t ion  would not be required.  Such important 

parameters as pulse shape, speed, and dispers ion c h a r a c t e r i s t i c s  

m i g h t  be obtained i n  t h i s  way. 

The author eventual ly  expects t o  f i t  the  da ta  on b io logica l  

mater ia l s  i n t o  a mechanical impedance model of t h e  human body. 

Further t e s t i n g  should be done t o  e s t a b l i s h  the  e f f e c t  of speci-  

men s i z e  on the  rate s e n s i t i v i t y ,  a l so  t o  determine with more accuracy 

the e f f e c t  on Poisson's r a t i o  and the modulus of e l a s t i c i t y  of alu- 

minum and other  materials. No major modificatlons of the  equipment 

would be required f o r  these invest igat ions.  

The r e a l  value of this worK l i e s  i n  the  development of a var iab le  

s t r a i n  rate compression tes t  which is capable of producing dynamic 

physical  property measurements w i t h  b e t t e r  accuracy than other  methods 

have been ab le  t o  a t t a i n .  It ,  therefore ,  provides a useful  experi- 

mental t oo l  for  purposes of ver i fying fu tu re  t h e o r e t i c a l  considera- 

t i o n s  of the mechanics of dynamic p l a s t i c  deformation. 
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